The magnetic flux is returned via a 1.5-m-thick saturated iron yoke instrumented with four stations of muon chambers.
The CMS experiment is built and funded by an international collaboration of High Energy Physics institutes from 31 countries 1 and by CERN. The experiment will be installed on the interaction Point 5 of the LHC at a depth of 90 m below ground.
The CMS magnet is the backbone of the CMS experiment [2] , as all subdetectors will be supported from it. The magnet will be first assembled and tested in a surface hall (Figs. 2 and 3) then lowered in the underground area (Fig. 8) by heavy lifting means. This decouples the work on the magnet assembly and test from the construction of the underground area.
The return yoke is a 12-sided structure divided into three main components: the barrel yoke and the two endcap yokes. Its main parameters are given in Table I . The coil is an indirectly cooled, aluminum stabilized, four-layer superconducting solenoid. Its main parameters are given in Table II. The coil is wound using the inner winding method, and the external mandrels are also used as quench-back cylinders providing passive protection. The coil is indirectly cooled by saturated helium at 4.5 K circulating in the thermosiphon mode through a network of pipes welded to the external mandrels.
II. ORGANIZATION OF THE CMS MAGNET PROJECT

A. Participating Institutes
The CMS magnet project can be grouped into three main headings comprising activities and systems: Fig. 2 . Perspective view of the barrel yoke rings already assembled in the surface hall, showing pockets in which muon stations will be inserted. The outer vacuum tank, supported from the central barrel ring and destined to house the superconducting coil, also is visible. Fig. 3 . View of one endcap disk (out of six) standing on a transport cart in the surface hall. This disk is 600 mm thick and weighs 700 tons. -the yoke, consisting of the barrel, the vacuum tank and the two endcaps; -the coil, consisting of the general engineering, the superconductor, and the coil winding; -the ancillaries, consisting of the external cryogenics, the power converter and circuit, and the control system. This structure is reflected in the organization of the CMS magnet project. The management and general coordination is done by a CERN-based group. Work is carried out in the institutes that are members of the CMS Magnet Collaboration, and in particular:
-CERN/CMS is in charge of the barrel yoke; -University of Wisconsin and PSL are in charge of the endcap yokes in collaboration with CERN/CMS; -Fermilab is in charge of procuring superconducting (sc.) strands and other conductor components, and also of the field mapping; -CEA Saclay is in charge of the general engineering of the coil; -ETH Zürich is in charge of the production of the conductor in collaboration with CERN/CMS and Fermilab; -INFN Genova is in charge of the winding operation in collaboration with CERN/CMS; -CERN Technical Groups are in charge of all ancillaries requiring future operation follow-up and site maintenance, such as: power converters, contactors, outer cryogenics, process control, etc.
B. Organization of the Procurements
As the Magnet Project is a common project of the CMS Collaboration, each CMS participating institute must contribute financially according to an agreed sharing. Each institute can participate in the procurement for the CMS Magnet in three ways: -payment to contract: a participating institute places a contract directly with a supplier and finances it (or a group of institutes finances it); -in-kind contribution: a participating institute delivers an item, and is credited for the market value of this item; -common-fund contribution: a participating institute contributes directly to a common fund managed from CERN, and CERN issues contracts financed from this common fund.
In all cases, the technical specifications are issued by institute members of the Magnet Collaboration and endorsed by the Magnet Technical Board (MTB) under the responsibility of the CMS Magnet Project Manager. As a rule, Market Surveys are conducted, through the CERN SPL Division, in all CERN member states and CMS participating countries.
III. THE RETURN YOKE
A. The Barrel Yoke
The barrel yoke was designed at CERN. It is split into five barrel rings, having each a mass of 1200 tons, which can move in the axial direction on heavy duty air-pads to give access to the barrel muon stations (Fig. 2) .
A contract has been placed by ETH Zürich with the firm DWE (Deggendorfer Werft und Eisenbau, Deggendorf, Germany) for the construction of the barrel yoke and the vacuum tank. The 450 mm thick plates have been delivered by Izhora Zavov (St. Petersburg, Russia).
The support feet for the outer barrel rings have been manufactured, as an in-kind Pakistani contribution, by SES (Islamabad, Pakistan).
The final assembly of the barrel yoke has been performed at the CERN site by the consortium DWE/FCI, starting in July 2000 and finishing in July 2001.
B. The Endcap Yoke
Each endcap yoke, designed at the University of Wisconsin, is built from three independent disks (600-, 600-, and 250-mm thick) which can be moved on carts, supported by heavy-duty air pads, and separated to provide access to the forward muon stations and inner subdetectors (Fig. 3) .
The disks are manufactured by KHI (Kawasaki Heavy Industries, Kobe, Japan) under a University of Wisconsin contract. The first endcap has already been assembled in the surface hall by FCI (Franc Comtoise Industrie, Lons le Saunier, France) in the surface hall, while the second one is expected to arrive at CERN mid-October 2001.
Assembly of the endcap yoke should be completed by the end of 2001, ready to receive the hadronic forward calorimeter.
The endcap carts have been manufactured as an in-kind Chinese contribution by HHM (Hudong Heavy Machinery, Shanghai, China).
IV. THE SUPERCONDUCTING COIL
A. Design of the Coil
The CMS coil design is based, as for a number of existing large detector superconducting solenoids, on the enthalpy stabilization concept. Important information have been gained from the previous designs, and in particular the ALEPH solenoid has been used in many ways as a reference model for the design of the CMS coil [3] .
The main changes introduced for the CMS coil design are: -a four-layer winding instead of a mono-layer one to provide the needed ampere-turns; -a construction in five modules to allow transportation; -a self-supporting-winding mechanical structure based on a mechanically reinforced conductor wound inside a thin mandrel to limit shear stresses in the insulation in spite of the large strain.
The design of the coil in five modules has been carried out at CEA Saclay, with a strong participation of INFN-Genova and ETH Zürich, and was completed at the end of 2000. An artist view of the coil is given on Fig. 4 , and the detailed status of the coil design is reported in [4] .
B. The Conductor
One of the first major decisions taken at the very beginning of the project was to reinforce the pure aluminum conductor by welding, on each side of the so-called pure aluminum insert which contains the Rutherford cable, two aluminum-alloy sections to react the magnetic force where it is created. This makes this component more complex than other aluminum-stabilized conductors previously used for thin solenoids. The cross section of the CMS conductor is shown in Fig. 5 .
As the EB welding seams must be far enough from any sc. strand not to degrade it, the Rutherford cable has been limited to 32 strands for geometrical reasons, and thus the required current carrying capability of the strand has been pushed to the limit of what can be produced industrially, namely a of 3074 Amm at 5 T and 4.2 K.
The general description of the conductor is reported in [5] , and detailed reports on the components are given in [6] for the strands, [7] for the aluminum alloy reinforcement and in [8] for the EB welding operation.
Monitoring of conductor quality is of major importance for such a project. In particular, an ultrasonic scanning system has been developed at EMPA (Swiss Federal Laboratories for Materials Testing and Research, Dübendorf, Switzerland) to monitor the quality of the bonding during extrusion and the quality of the welds during the EB welding operation [9] .
At the end of the manufacturing process, integral samples of conductor are measured (after removing the reinforcement) in the Marisa facility at Genova [10] ; in addition, extracted strands are measured at Saclay. All these measurements confirm that, in the worse conditions, the total degradation does not exceed 7% with respect to the virgin wire.
The first 2.6-km length of real conductor destined to the winding prototype has just been produced.
The design and procurement of the conductor is a subcollaboration between CERN/CMS, Fermilab and ETH Zürich. 
C. The Winding
The fact that the conductor is machined with precision on-line at the exit of the EB welding line makes it easy to wind. Nevertheless, a preindustrialization program has been carried out to understand the behavior of such a large reinforced conductor during the different phases of the winding. A final contract has been issued by INFN to Ansaldo (Genova, Italy); the winding machine is ready, and first turns using final conductor have been performed satisfactorily [11] (see Fig. 6 ).
The winding mandrels are an essential part of the cold mass, as they are used also for cooling and quench-back. High-mechanical-characteristic aluminum alloy has been retained. Pechiney (France) has delivered the thick plates; however, the flange sections are made from seamless aluminum rings produced by Dembiermont (Haumont, France) [12] .
D. The Ancillaries
The coil will be cooled by helium circulating in the thermosiphon mode [13] . The 1.5-kW external cryogenics subsystem has been designed by the LHC Cryogenic group at CERN. The complete cryogenic system will run temporarily on the surface in 2002 for commissioning the refrigerator, The bipolar power supply is located alongside the refrigerator cold box in the service cavern. It will deliver a current of 20 kA at a maximum ramping voltage of 22 V, implying a charging time of 4 h. There are two modes for slow discharging the coil current: 1) in normal operation discharge will be performed using the power supply, or 2) the current can be dumped into the resistor bank set at its lowest resistance value of 2 m . The use of the bipolar power converter should minimize down time of the experiment, as the current will not have to be brought to zero each time the current has to be decreased.
In case of emergency, a fast discharge in a 30 m resistor bank can be used; the time constant of the current decay is, in this case, 190 s. Dump resistors have been positioned on the surface, at 150 m from the coil, to minimize thermal disturbances in the experimental cavern.
The Magnet Control System is designed by the CERN EP Division in collaboration with Saclay. Its main feature is to distinguish with high reliability the fault situation, requiring a fast dump, from less severe fault conditions for which initiation of a slow discharge is sufficient. This is to minimize the time lost for physics for CMS; one has to consider that, due to the large stored energy, more than three days will be necessary for re-cooling the coil down to 4.5 K after a fast dump.
V. ASSEMBLY OF THE COIL AND EXPERIMENTAL AREA
It has been chosen to assemble and test the magnet in a large surface hall (23.5 m high, that will be reduced later to 16 m) before lowering it into the underground experimental cavern situated at a depth of 90 m.
The coil will be supported from the external vacuum tank by a set of tie bars of titanium alloy. Details of the suspension system are reported in [14] , and the comparison between possible alloy grades is reported in [15] .
The insertion of the coil inside the vacuum tank will be performed in the surface hall using large dedicated tooling that has been manufactured by Doosan Heavy Industries (Chang-Won, Korea); the assembly procedure is described in [4] , and one phase can be seen in Fig. 7 . Fig. 7 . Perspective view of the insertion of the coil, maintained in a cantilevered position, inside the outer vacuum tank; the central barrel ring assembly, comprising the outer vacuum tank, will slide toward the coil using heavy duty air-pads.
As shown in Fig. 8 , heavy lifting means will have to be used, as the heaviest part to be handled will weigh nearly 2000 tons.
The 20.4 m diameter shaft, giving access to the experimental cavern, will be separated from the surface hall by a 1800-ton mobile radiation shielding plug, which will also be used as support structure for the transfer of the magnet elements to the experimental cavern (see also Fig. 8) .
The magnet will be lowered into the underground experimental cavern in 11 large pieces (5 barrel yoke rings, and 6 endcap disks) weighing from 500 to 2000 tons.
The experimental cavern has a diameter of 26.5 m and a length of 53 m. These are the minimum dimensions to open the CMS magnet and handle the major components. The experimental cavern is separated from the service cavern by a shielding wall 7-m thick. In the service cavern will be situated the power converter, the contactors and the cold box. Transfer lines and bus bars will cross the shielding wall at an angle, and the service cavern will be always accessible, even when the LHC collider will run at the highest luminosity.
VI. COST ESTIMATE
The total cost of the CMS magnet was estimated at the start of the project to be 122.3 MCHF, in 1995 prices, and today 86% has been spent or committed. The major barrel and endcap contracts have generally cost slightly below estimate; however, ancillary equipment has generally cost more. In addition, 2 MCHF more has been used for the conductor manufacture and for producing more test lengths to commission the various production lines; also 1 MCHF more has been allocated to the heavy lifting operation, and 0.6 MCHF is being kept in reserve.
During a recent financial review of the project, the cost to complete the CMS Magnet Project has been estimated at 21 MCHF, bringing the total cost estimate, in current prices, at 125.4 MCHF, an increase of 1.5%, the present breakdown being 49 MCHF for the return yoke, 69 MCHF for the coil and its ancillaries, and 7.4 MCHF for the transfer and installation underground. 
VII. CONCLUSION
The CMS magnet project is in construction, in full compatibility with the design of the subdetectors.
The experimental area, which is mainly constrained by the magnet requirements, is in construction and will be accessible only in mid-2004. For this reason the magnet will be first assembled, then tested, in the surface hall in mid-2004, before being transferred into the underground area by heavy lifting means.
The surface hall has been delivered in mid-2000, allowing assembly to start. The construction of the barrel yoke is finished, and assembly of the endcap yoke is well advanced.
The first 2.6-km length of conductor has just been produced; winding of first turns of final conductor using the final winding machine has started in July 2001, and winding of the first coil module is scheduled for early 2002. The five coil modules should be assembled in the surface hall for the end of 2003.
